In this paper we describe a microzonation survey carried out at a mountain Municipality (Piteglio, Northern Apennines). We complemented the available data by conducting 106 microtremor measurements for Horizontal-toVertical Spectral Ratio (HVSR) analysis. Most of the data concern the three major rural villages (Piteglio-Prataccio, Popiglio and Prunetta). Furthermore, we installed a field mobile seismic station at two of the major villages, in order to obtain earthquakes recordings. The HVSR analysis shows amplification effects due to eluvial or colluvial deposits overlying the seismic bedrock, even for areas previously mapped as bedrock outcrops. Most zones characterized by sandstone outcrops show peaked HVSR traces. This observation could be also interpreted in terms of a topographic effect. In contrast, areas characterised by chaotic materials (olistostrome) generally exhibit a flat HVSR. Other areas of seismic amplification were identified on alluvial and landslide deposits. Results by HVSR analysis are well correlated with available data from geo-technical and geophysical surveys, thus allowing to invert HVSRs for the physical properties of the subsoil. Subsoil properties can thus be extrapolated also in areas for which only measurements of seismic noise are available. Moreover, noise HVSRs agree well with those from earthquakes recorded at the different selected sites.
Introduction
In the context of the evaluation of natural risks, seismic hazard is a quantitative estimation of ground shaking due to an earthquake in a specific area, where the elements at risk are population and human settlements. In Italy, the basic assessment of seismic hazard is provided by the seismic macrozonation map, according to the national building code issued in 2008 (NTC08) based on the seismic hazard assessment carried out by INGV [1] and harmonized with the Euro Code EC8-1 [2] . This zonation provides for the entire national territory the shaking parameters (mainly peak ground acceleration -PGA and response spectra at bedrock outcropping) for predetermined probability of exceedance within given time intervals. It refers to the ideal conditions of seismic bedrock outcropping (rock or stiff soil) and without morphological irregularities (i.e. a horizontal topographic surface). The main purpose of the macrozonation is the classification of large-scale seismic territories aimed at planning prevention and emergency activities.
Nevertheless, it is well known that the shaking of the ground is strongly influenced by geological, geotechnical and morphological features. These local effects can be summarized by modifications of the shaking parameters (amplitude, duration and frequency content) with respect to those of or pertaining to outcropping bedrock conditions. Quantification of local effects is provided through seismic microzonation studies. Reviews of the principles and practice of seismic microzonation are reported by several authors (e.g., [3] [4] [5] [6] [7] ).
In Italy, the regional government of Tuscany was the first to establish an effective strategy for the quantitative evaluation of local effects in urban areas characterized by relevant seismic hazard [8, 9] . On the basis of these early studies, national guidelines were then issued [10] , also following the international standards for zonation of seismic geotechnical hazards [11] .
At present, national and regional regulations identify three levels of microzonation sorted by increasing details of mapping, input data quality and input data quantity. Features of the Regional Level-1 are shown in Table 1 . This type of survey must be focused on urbanized areas.
The main product of the Regional Level-1 microzonation is the Map of the hOmogeneous Microzones in Seismic Perspective (MOPS) providing a classification of the territory according to zones qualitatively characterized by similar seismic response. In detail, these are: (a) stable zones, where occurrence of the local effects can be excluded so that the expected shaking is the same as that provided by the national seismic hazard map; (b) stable zones with possible seismic amplification, due to local effects; (c) unstable zones, where earthquakes can cause or re-activate permanent soil deformations, such as landslides, liquefaction and fault scarps. The following two levels are based on quantitative methods, simplified for Level-2 (Map of Seismic Microzonation) and complex for Level-3 (Map of Seismic Microzonation with insights).
All data and maps must be provided in a standard digital format for implementation in GIS software.
It is important to emphasize that Horizontal to Vertical Spectral Ratios (HVSR) analysis [12] is required in the Tuscany Region also for Level-1 studies, while national and international standards require microtremor measurements only for Levels 2 and 3. The Level-1 seismic microzonation is now mandatory in Tuscany for defining planning rules of all the municipalities affected by seismic hazard.
Here we present a case study of a Level-1 microzonation survey carried out at Piteglio, a mountain municipality, limiting the description to results obtained for the main urbanizations.
Materials and methods

Geological setting and seismicity
The Municipality of Piteglio is located in the Northern Apennines area of the Region of Tuscany (Fig. 1 ) and include two main valleys (La Lima and Limestre streams) belonging to the Ligurian basin. A small part of the territory is within the Adriatic basin (Reno valley). Elevations are between 340 and 1475 m asl. The population is less than 2000 inhabitants spread over a territory of about 50 km 2 . The population resides in three main villages in elevated position (Prunetta 960 m asl, Popiglio 550 m asl and Piteglio 690 m asl) each with 300-500 inhabitants and in several others minor villages. The number of buildings is larger than residential needs, mostly due to past emigration. Most of these are masonry buildings from one to three storeys, many very old (some from the Middle Ages). Tectonic features (redrawn from [13] ) and main seismicity (from [17] ). The geography is influenced by the geology. During the Northern Apennine Orogeny, since the late Miocene, a disjunctive tectonic event has affected the south-western inner chain zone starting from the Ligurian-Tyrrhenian area. Dislocations were produced along systems of normal faults mostly oriented NW-SE, which has led to the formation of a series of horst and graben ( Fig. 2; [13] ). The intermontane depressions were then occupied by basins characterized by marsh to lacustrine and alluvial plain to fan-delta environments whose evolution is the result of interaction between sedimentation and subsidence. Basins closest to the compressional front (Garfagnana-Lunigiana, Mugello and Valtiberina; see Fig. 2 ) are the major seismic zones of the Northern Apennines (ITHACA Working Group, ITaly HAzard from CApable faults. Servizio Geologico d'Italia, Istituto Superiore per la Protezione e la Ricerca Ambientale http://sgi1.isprambiente.it/geoportal/ catalog/content/project/ithaca.page). Extensional or transtensional earthquakes occur along the NW-SE interbasin fault systems, mainly at depths shallower than 15 km [14, 15] . Most of the study area is affected by outcroppings of the Monte Modino (MOD) and Macigno (MAC) geological formations belonging to the Tuscan Domain (Cambrian? -Langhian). These formations are turbidites consisting of medium to coarse sandstone layers of thickness mainly between 1 and 3 m, alternating respectively to fine sandstones-siltstones (Monte Modino, Lower Miocene) and thin clay-siltstone layers (Macigno, Middle-Upper Oligocene/Aquitanian/Burdigalian). Sometimes there are calcareous-marly turbidite layers. Often, the formations are characterized by large fracture systems especially in the sub-surficial layers. The total thickness of the formations is larger than 1 km ( [16] and references therein). The Monte Modino and Macigno formations, locally in tectonic contact, are separated by the succession of Olistostrome of Monte Modino (OMM), Fiumalbo Clays (FIU, shales with calcareous-marly turbidites interbedded) and Marmoreto Marls (MMA). Other formations are attributed to the Ligurian Domain outcrop in other minor village areas. Particularly, the Sillano (SIL) formation, overthrusted to the Macigno, consists of shales and siltstones with included blocks of limestone, calcareous marl and sandstone (upper Cretaceous -lower Eocene). Extended terraced alluvial deposits (bn, Quaternary) are in elevated position at the main villages. Recent alluvial deposits (b) are limited to the bottom of the narrow valleys of the main streams. Colluvial deposits (a) cover little areas outside of the main villages. The high gradients of the reliefs, related to the rock formations, has led to the development of landslides in large areas of the territory, also favored by the differential erosion of the various lithotypes. In any case, only a few landslides have been recognized as active (Popiglio and Piteglio areas), while the majority are reported as quiescent or relict. Large areas have been affected by deepseated gravitational slope deformation. Geological maps are shown in Fig. 3 .
Historically, several earthquakes have been felt in the territory of Piteglio: 23 as reported by Guidoboni et al. [17] , only 10 according to Locati et al. [18] . Out of these, only two have had intensity larger than the damage threshold (above V-VI MCS, Mercalli-Cancani-Sieberg scale). The largest felt earthquake occurred on July 9, 1920 with an estimated magnitude of 6.5 (X MCS) and epicenter in Garfagnana, the main seismogenic source close to Piteglio (less than 25 km away; [19] ). The felt intensity in the Piteglio territory was VI-VII MCS with slight damage to most of the buildings. Nevertheless, an investigation of the national seismic catalogue CPTI04 [20] by distance shows that more events have been potentially felt in Piteglio territory than those reported. This discrepancy is likely related to the poor urban development of the area. National rules have recognized Piteglio as affected by seismic hazards since 2003, now identifying a medium seismic hazard (class 2 to 4 with 1 as higher hazard) with acceleration peak values spanning the 0,175g -0,200g range with a return period of 475 years (10% probability of exceedance in 50 years).
Pre-existing available data and new HVSR measurements
Following the technical guidelines, the study began with the collection of all previous existing geo-data retrieved from concluded projects (Local Effects eValuation in the Region of Tuscany, named VEL Project, which involved Piteglio) or technical documents at municipality required by regulations for building purposes. The retrieved data consist of 17 heavy dynamic penetration and 3 cone penetration tests, 30 geological boreholes with 2 down-hole tests (DH), 26 laboratory and 35 standard penetration tests, 1 well stratigraphy, 6 Multi-channel Analysis of Surface Waves (MASW), and 46 seismic refraction profiles, 8 of which using also horizontal S-waves (SH). These previous investigations mostly concerned the main villages. Geological maps and sections, with the geomorphological surveying of features such as landslides and escarpments, were provided by the Regional administration from previous projects.
Therefore, to complete the data we carried out 106 measurements of ambient noise by the HVSR analysis method with the following aims: (a) maximizing coverage of the municipality territory involving the other villages; (b) examination of the various litho-stratigraphic conditions; (c) integration of and comparison with previous data for the calibration of the method.
Microtremor analysis is a method largely adopted for the zoning of seismic areas (e.g., [21] [22] [23] [24] [25] [26] [27] ). In all these previous studies, the HVSR technique provided a good evaluation of the fundamental resonance frequencies of the sedimentary coverage [29] and, though controversial, a coarse qualitative assessment of the related amplification [30] .
The measurement survey was carried out during the February -April 2013 time interval, avoiding snowy and rainy periods. Recordings were acquired according to the national guidelines which complement the SESAME [31] criteria, accounting for a classification scheme of the measurements in terms of quality indicator [32] .
The measurements, with duration equal to or longer than 20 minutes, were carried out using Tromino Engi seismometers (Micromed SpA) equipped with GPS receiver. After removal of transient noise using a de-triggering procedure, the traces were first divided into 20s-long, nonoverlapping windows, which were then detrended, tapered, fast Fourier-transformed and smoothed with a triangular window with a width of 20% of the central frequency. Furthermore, a mobile seismic station equipped with a Lennartz LE3D-5s sensor and a Nanometrics Taurus digitizer was operated in the two main villages throughout the January 31 st -March 22 nd time interval, in order to obtain recordings of earthquakes (weak motion) for additional HVSR analyses and comparisons with those related to microtremors. Seismic ground motion on slopes covered by thick colluvia or by deep-seated landslides can be considerably amplified and in some cases this amplification can exhibit pronounced directional effects. The causes of the directivity phenomena are likely due to a combination of topographic, lithological and structural factors, which concur in focusing energy along site-specific directions [33] . However, stratigraphic amplification due to strong impedance contrast could overtake the expected topographic effects [34] . Therefore we adopted a procedure for the inversion of the HVSR spectra to evaluate the possibility that observed spectral peaks are related to stratigraphic features.
Several microtremor recordings were collected at sites for which Vs and stratigraphic profiles of the subsoil were available, as respectively obtained through DH, MASW, SH tests and geological boreholes. The inversions of the HVSR noise spectra were constrained by stratigraphic profiles and the obtained simplified 1D velocity models were compared with available Vs profiles. The general agreement between the inverted data and the velocity models show the possible relation of the HVSR peaks with stratigraphic impedance contrast.
Inversions were conducted via a trial-and-error procedure implemented in the Grilla software [35] . This code is based on the simulation of the surface-wave field (Rayleigh and Love) in plane-parallel multi-layered structures, according to the theory described by Aki [36] and BenMenahem and Singh [37] . Details of the H/V modelling technique code implemented in Grilla and its validation are published in [38, 39] .
All the results were then organized in a GIS format (ArcGis 10.0 by Esri) as tables or shapefiles for carrying out subsequent map processing.
Results and discussion
Classification of the HVSR analysis
The HVSR analysis was completed with a classification based on the quality of the measurements, following the criteria reported in Albarello et al. [32] . The quality class A includes measurements which satisfy at least 5 out of the 6 requisites established by the SESAME guidelines. Class B include measurements lacking more than one of the SESAME criteria or showing a high directionality for the HVSR while complying with the SESAME criteria (5 to 6). A number beside the letter of the name class shows occurrence of peaks clearly identified (1) or not/absent (2). Table 2 shows that most of the measurements (66%) have peaks clearly identified (classes A1 and B1). The other 29 measurements in class B1, while fully complying with the SESAME criteria, showed an azimuthal variation of the HVSR greater than 30%. This circumstance in a mountain environment can be due to the occurrence of complex morpho-stratigraphic situations, without having to assume the existence of strong directional, external sources of noise that would undermine the significance of the analysis. For this reason, we believe that most of these measurements can be used without any particular limitation for site-effect assessment. The measurements for which there is no evidence of resonance peaks (classes A2 and B2) were 34% of the total.
Inversion of HVSR spectra
The cases for which models obtained by the inversion of HVSR spectra were fairly consistent with the available subsoil structures can be collected into two main groups (Figs. 4 and 5):
− HVSR spectra which do not show significant directional effects (Figs. 4a and 5a ), so we may reasonably assume that the peaks of HVSR are mainly related to the stratigraphy [34] ; − Cases for which the results of the HVSR inversion are less consistent with the a priori models and/or HVSR spectra show significant directional effects (panels b and c in Figs. 4 and 5) , so 2-D and 3-D effects due to topographic and structural factors can be inferred [33, 40] .
In other circumstances, the stratigraphic profiles are too shallow to explain the observed spectral peaks. This is the case illustrated in Figure 4b , where the principal peak at frequency~5 Hz does not exhibit any significant directional properties (Fig. 5b) , and it suggests a layer interface at a depth of about 58 m, well below the depth of 15 m reached by the DH profile. The subsequent levels of seismic microzonation will provide more detailed data that hopefully will allow improving the subsoil modeling and quantitative assessment of the site effects. Within this context, the simplified analyses presented in this paper indicate the directions for any future subsoil investigations, i.e. evaluating 2-D and 3-D geometrical features and extending the search for possible, relevant impedance contrasts to depths greater than those achieved in the past.
Comparison of HVSR spectra derived from noise and earthquake (weak motion) recordings
The analysis was carried out by grouping a variable number of earthquakes (from 9 to 18) recorded during a few weeks at individual sites, and comparing those data to noise acquisitions of the same length, in order to obtain more robust HVSR estimates [41] . Most of the recorded earthquakes (2.0 < M < 2.9) were aftershocks of the earthquake that occurred on 25 January 2013 in Garfagnana In general, HVSR spectra from microtremors and colocated earthquake recordings show good agreement, especially for those which concern the fundamental frequency of the soil (Fig. 6) . In some cases the amplitude of the HVSR peak from microtremor analysis is underestimated (a and b in Fig. 6 ; [42, 43] ). In other cases the similarity is more striking (c in Fig. 6 ). 
Model of the subsoil
The reconstruction of a geological model of the subsoil strictly depends on the number, type, detail and accuracy of the available investigations throughout different areas considered by the study. In a mountain territory, the best bedrock identification is provided by drillings and geophysical prospecting, especially when these latter ones are related to each other. Conversely, penetration tests and exploratory trenches are usually limited to the first few meters below the surface, without reaching the seismic bedrock. According to the national rules, seismic bedrock is defined as the layer at which Vs is equal to or larger than 800 m/s.
The examined areas are mainly characterized by outcroppings of rocky formations, such as the Macigno and Monte Modino sandstones. However, the investigations also show the presence of a diffuse eluvial-colluvial cover produced by weathering and/or erosion, which is not shown on the geological map. Locally, this layer (hereinafter also referred to as detrital coverage or coverage) even shows considerable thickness.
Indeed, only one of the two DHs in Piteglio detect the presence of the seismic bedrock, at a depth of about 7 m, with values of Vs slightly larger than 1000 m/s. The other one does not identify the seismic bedrock until the final depth of 13.6 m (Vs of 710 m/s). The heavy dynamic penetration tests reach depths ranging between 6 to 10 m. The other borehole surveys identify the geological bedrock at depths ranging from 6 m to 14 m. Even the seismic refraction and MASW show the cover thicknesses mostly between 5 and 15 m. The HVSR analysis confirms this situation, typically identifying resonance frequencies compatible with such thicknesses (e.g., a in Fig. 4) . The analyses also confirm whether or not the geological bedrock reached by boreholes corresponds also to the seismic bedrock.
However, the presence of clear peaks in the HVSR measurements performed adjacent to villages at higher elevations may be due, at least in part, to topographic amplification [44] , also with complex effects related to vertical and lateral heterogeneities [45] . As already mentioned, the detailed assessment of such complex situations will require more thorough investigations through 2D and 3D analysis, to be carried out during subsequent levels of seismic microzonation, since the required parameters of the subsoil are presently not available. Nevertheless, peaks of the HVSR in Piteglio (b and c in Fig. 4 ) occurred at frequencies which are higher than those expected, considering the Vs of the subsoil and the 400-800 m width of the hill [46, 47] . Moreover, the EW/V and NS/V components of the HVSR are very similar, and do not exhibit any significant directionality (see panel b in Fig. 5 ). In the other case (panel c in Fig. 5 ) the main peak shows a strong directionality along the S-SE direction, parallel to the major axis of the ridge.
The geological boreholes investigated in the areas of the outcrop of the Olistostrome of Monte Modino do not reach stiff bedrock. The HVSR measurements carried out in these areas show different behaviors, with an absence of relevant peaks throughout the central part of the outcrop and occurrence in the marginal areas. Considering the chaotic nature of that formation and its large thickness detected in other Apennine areas, we can hypothesize that a lack of amplification peaks (H/V values less than 1.5) is related to the relevant depth of the seismic bedrock. On the other hand, the marginal areas can represent reduced thicknesses of the chaotic formation overlying Monte Modino sandstones (on the order of 10-20 m in this case) with consequent, possibly significant contrast in seismic impedance.
The investigations performed on alluvial terraces identify different depths of the bedrock, up to 20 m or locally higher (Prunetta). Finally, the HVSR measurements carried out on landslides show extreme variability, and, for some cases, amplification peaks are negligible.
Geological-technical map of seismic microzonation
The geological-technical map of seismic microzonation is derived directly from the model of the subsoil. The map (Fig. 7) shows lithotypes grouped in litho-technical units according to their physical-mechanical characteristics, principally the velocity of S waves. As already pointed out, the municipality territory is largely affected by a cover layer resulting from alteration of the bedrock, and whose thicknesses are often very significant for seismic amplification (larger than 3 m, as established by the national rules). In addition, for the areas where the HVSR measurements do not exhibit any significant peak, we cannot exclude the presence of a detrital coverage, due to the lack of other investigations. In these areas itis also hard to establish whether the bedrock is located at greater depths, due to the difficult interpretation of measurements at very low frequencies (< 1 Hz). Likewise, sometimes measurements without peaks are located close to others characterized by peaks. Therefore, despite no area being related to the outcropping of the stiff bedrock with certainty, in the absence of a suitable unit for detrital coverage (DC, currently not provided by the national standards), the more properly lithoid formations (Monte Modino and Macigno sandstones, Marmoreto marls) have been assigned to the ALL unit (alternating layered lithotypes) on the map. Likewise, the formations characterized by a more chaotic structure (Olistostrome of Monte Modino and Sillano) have been assigned to the NSB unit (not-stiff bedrock). The different lithostratigraphic settings are differentiated in the MOPS map (see below). The alluvial and colluvial deposits (terrace, fan and valley bottom) identified by the geological map have been attributed to the GM unit (silty gravel, mixture of gravel, sand and silt) due to a homogeneous lithology. Finally, the small areas of filling earth showed in Prunetta have been attributed to the EH unit (earth containing traces of human activity). Unstable areas are distinguished according to the type of the mechanism of landslide extant (slide, debris flow, complex, undefined) and according to the activity status (active, quiescent, inactive, not defined). The areas affected by deep-seated gravitational slope deformations are included in the undefined category. Other types of instability (liquefaction, areas affected by deformation due to active and capable faults, etc.) do not occur in the municipality area because faults shown in the geological map are not recognized as active and/or capable.
Map of fundamental frequencies of deposits
Each map (Fig. 8) slightly greater than 2 and still lower than 3, while only 13% of the HVSR peaks are larger than 4 ( Fig. 9 ).
Map of the homogeneous microzones in seismic perspective (MOPS)
The main objective of the Level-1 microzonation in Italy is the identification of areas potentially affected by local amplifications of seismic motion and slope instability. The MOPS map (Fig. 10) identifies areas susceptible to seismic amplification distinguished by litho-stratigraphical type, in addition to potentially unstable areas related to the presence of landslides.
According to the model of the subsoil and the previous maps, we cannot attribute with certainty any area of the municipality as stable areas as established by the law. Nevertheless, rocky outcrops are attributed to two different geological-technical classes (ALL and NSB) and the following homogeneous areas have been identified in the municipality: Areas susceptible to seismic amplification, essentially by stratigraphic factors: − Zone 1, characterized by the thickness of the alteration coverage (DC) above ALL bedrock mostly between 5 and 15 m, is the most prevalent in the municipal territory (Fig. 11) ; locally, especially in marginal areas, the thickness can be reduced, even to below 3 m. For this reason, the thickness characteristic is indicated as between 0 and 20 m. Peaks of HVSR measurements, when these occur, show values of F 0 from 4 to 20 Hz with H/V amplitudes between 2 and 5,4 ( Fig. 12) . Typical Vs values of alteration coverage are between 300 and 700 m/s, while bedrock shows values from 1000 to 1400 m/s (Fig. 4) . − Zone 2, characterized by outcrops of NSB above ALL unit (Fig. 11) . The thickness characteristic is indicated as between 5 and 30 m. The HVSR measurements show H/V ratio similar to the previous zone, characterized by slightly smaller but more consistent H/V amplitude values (Fig. 12) . The Vs values are also similar. − Zone 3, including outcrops of the NSB unit characterized by thicknesses presumably greater than the previous zone (Fig. 11) , so leading to an absence of clear peaks in the HVSR measurements. Therefore, the amplification effects of the seismic response in these areas are lower than in the other zones (Fig. 12) . − Zone 4, grouping the areas affected by the alluvial and colluvial deposits (unit GM) with thicknesses ranging mostly between 3 and 10 m overlying the seismic bedrock (Fig. 11) . Locally, this cover layer can also include levels of alteration to the bedrock as characterized by similar litho-technical properties. Peaks of HVSR measurements show bigger H/V amplitude values (over 4) at frequency between 15 and 25 Hz (Fig. 12) . Typical Vs values are smaller than 400 m/s. − Zone 5, deposits of mixed origin (unit GM) with thicknesses ranging mostly between 10 and 20 m (locally higher) above the seismic bedrock (Fig. 11) . Also in this case, we cannot exclude the coexistence of detrital material from alteration of the bedrock. The HVSR measurements show peaks of H/V ratio characterized by smaller H/V amplitude values at lower frequency (3-7 Hz; Fig. 12 ). − Zone 6, similar to the previous one, identifies terraced alluvial deposits or of mixed origin (GM units) with a thickness of 10-20 m, but overlying the NSB unit (with seismic bedrock probably at very great depth). Due to the small extent of this zone, only one HVSR measurement was carried out. − Zone 7, two very small areas in Prunetta with filling earth, for which we assume a thickness of less than 5 m. No HVSR measurement was carried out.
Zone unstable, essentially related to landslides:
− Active, limited to a few areas outside the villages. − Quiescent, representing the most unstable areas of the municipality, affecting, at least in part, the major villages. − Inactive, identified by geological map in the minor villages (not shown in this paper). − Undefined, including areas characterized by deepseated gravitational slope deformations. − Peaks of HVSR measurements show a broad frequency interval and H/V amplitude values usually smaller than 4 (Fig. 12 ). 
Conclusion
This study shows that the mandatory HVSR analysis required by Level-1 seismic microzonation is a valuable tool to indicate the potential of the occurrence of local amplification effects, even for those situations where such occurrences would have been excluded if relying on geological data alone. Therefore, this technique helps to identify areas requiring additional investigation associated with subsequent stages of the microzoning process. The HVSR method is well suited for use in rural and mountain environments, both for its ease of execution and its affordability. However, it presents major interpretation issues when compared to surveys conducted in areas characterized by flat topography and regular stratigraphy.
In particular, we showed that amplitude and directionality of the HVSR often result from a complex interplay between small-scale stratigraphic effects related to detrital coverage overlying stiff-rock formations, and topographical asperities.
We also highlighted the need for the inclusion of a suitable unit in the national standards for the proper geological-technical classification of the detrital coverage in the mountain environments of the present study.
The HVSR measurements were useful also to extend the subsoil model obtained for surveyed area to areas for which no previous surveys were available. However, comparison with results from earthquake weak-motion analysis indicate that HVSR spectra from microtremor recordings can lead to an underestimate of the local amplification effects, as is well known and described in the literature [41, 42] .
For the environment here described, subsoil layers are usually affected by significant lateral heterogeneities and thickness variations. For any such area, one cannot directly define the resonance characteristics of a site just by observing the result of HVSR analysis. However, the significance of the subsoil model can be markedly improved by the repetition of the measurements at several nearby points, and by a thorough comparison with independent geological and geophysical surveys performed on the same soil type or on sites with similar characteristics.
